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l'?ATIONAL ADVISORY COMMITTEE FOE AERONAmICS

PRCLDDXARYRRSUII!SOFANAITlTUDF,-WlBD-TUNNELCXCION

OF AN AXIAL-FLOW GAS'TURBlJNM?RO~ EFGIKE

IV- COLQlIlBSORANDTURB~RERFORMANCECEARACTERCSTICS

By Lewis E. Wallner and Martin J. Saari

As part of an inveetigation of the performance and operational
characteristics of the axial-flow gae zmbine-pmpellt% engine, con-
ducted in the Cleveland altitude wind tunnel, the perrormance char-
acteristice cf the compressor and the turbine were obtained. The
data presented were obtained at a compressor-inlet ram-pressure
ratio of 1.00 for altitude8  from 5000 to 35,000 feet, engine speeds
from 8000 to 13,000 rpm, and turbine-inlet temperatures from 14CO"
to 2100' R.

The highest compreaeor preseure ratio obtained was 6.15 at a
corrected air flow of 23.7 pounda per second and a corrected
turbine-inlet temperature of 2475O R. Peak adiabatic c-ompreaeor
efficiencies of about 77 percent were obtained near the value of
corrected air flow correeponding  to a corrected engine speed of

. 13,000 r-&m. This maximum efficiency may be somewhat low, however,
because of dirt accumulationa on the ccqressor  blades. .

A maximum adiabatic turbine efficiency of 81.5 percent was
obtained at rated engine speed for all altitudes and turbine-
inlet temperatures  inveetigated..

INTRQDUCTION

An investigation of the performance and operational charac-
teristics of an axial-flow gas turbine-propeller engine has been
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conducted in the Cleveland altitude wind tunnel. Engine per-
formance characteriatios,  windmilling characteristice,  and
pressure and temperature distributions throughout the engine
are presented in references 1, 2, and 3, respectively.

The perforce of the compressor and the turbine are of
particular significance because very little altitude data have
been obtained on these component parts in a gas turbine-propeller
engine. Data were obtained at a compressor-inlet ram-pressure
ratio of 1.00 at altitudes from 5OCO to 35,000 feet, engine speeds
from 8000 to 13,000 r-pm, and turbine-inlet temperatures from
1400' to 2100° R. The compreseor perrfOZTDaIU3e  18 presented as a
function of corrected engine air flow and corrected turbine-inlet
tempera-r;ure. The turbine performance is.presented  as a function
02 corrected turbine speed and corrected turbine-inlet temperature.

DESCmION OF COX%ESSOR AM) TURBIIVE

A general de8CriptiOn of the T31 gas turbine-propeller
engins and the installation is given in reference 1. A detailed
description of the compressor and turbine aa8emblies is given in
the following sections.

Compressor :

The T31 engine is equipped with a 14-stage axial-flow
compressoy, which hae a sea-level air-flow rating of about
21 pounds per second at an engine speed of 13,000 zyn. The cam-
pressor rotor, shown in figure 1, consists of 14 wheels shrunk on
a hollow shaft. The compressor blades are dovetailed into the
rotor wheels. The blade-tip diameter of .the rotor is 1% izchea
and the over-all length is 25 inches. The hub-to-tip diameter
ratio at the first rotor stage is 0.73 and increases to 0.88 at
the fourteenth rotor stage. A balance pressure is applied to the
forward end of the rotor by air bled fr& the fifth stage of the
compressor. This air leaks out through two labyrinth seals into
the compressor air passage aft of the inlet guide vanes. Another
labyrinth seal is located at the aft end of the rotor. Air
leaking through this seal is used to cool the forward face of the
turbine wheel.

b
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The St&t022 et&&w consist of half rings Into which the St8tOr
bk&deS 8??e dovetailed (fig. 2). These half rings, assermbled  8round
the rotor with spacers and clamping bolta, compose the compressor
stator assembly.

Air enters the compressor  through an annu'tar inlet, which is
divided into six equal segments by radial support struts. The flow
area of the compressor inlet (station 2, fig. 3) is approxbn&telg
95 square ticbee. A single row of guide vanes turns the air in
the direction of rotation of the rotor. Air is discharged from the
compressor through two rows Of Str&fghteniUg  vanes into as annular
x-w3e.

Turbine Assembly

*

z

The T31 en@ne hes a single-stage turbine that delivers
&bout 5000 horsepower at stsnd8rd eea-level conditions and an
engine speed of 13,000 rpm. The turbine (fig. 4) h88 8 solid
steel disk th8t taper8 in thickness from 3.70 inches at the hub
to 0.5‘7 inch at the thinnest section near the rim. The turbine
blades, which are welded to the wheel rim, are 1.6 inches in
length. The bl8de chord t8pers from 1.0 fnoh at the root to
0.75 inch at the tip. The blade forgings are so designed that the
rectangular tips in the assembled wheel form the turbine shroud
rin&. The over-all diameter of the wheel including the shroud
ring is 28 inches. The turbine clearances are shown in the detail
of figure 3.

The turbine nozzle (fig. 5),which consists of 36 equally
spaced hollow steel vanes, has an 8CtIl81 flow area of &bout
25 square inches 8nd an elcpansion  ratio of 1.065. The vsnes are
welded to inner and outer shroud rings. A portion of the air
that enters the combustion chambers first flows through the
hollow vages to provide coolI.ng.

Gases discharged from the turbine enter an 8nnular exhaust
cone hsving an area of about 154 square inches at the location
of the turbine-outlet Wf3tXU?Ient&tiOn (station 6, fig. 3). The
Inner cone is supported by four struts and by a series of small
angle brsces extending along the entire length of the inner cone. '
In the wind-tunnel investQation, 8 str&Ight tail pipe 14 inches
In dismeter and 96 inches long w&s used.
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A uomplete.description of the instrmnentatian  throughout the
installation Is given in reference 1. A.review of the instrumenta-
tion required to determine the compressor and turbine charaoter-
istics is presented herein.

The annular compressor Wet was divided into six equal seg-
ments by the radial sumort struts, whit+ form part of the engine
structure. Installed in each alternate segment were five total-
pressure tubes, two iron-constantan thermocouples, two statlc-
pressure probes, and a static-pressure wall orifice on the-inner
and outer walls of the annulus. The remaining  three segments had
only static-pressure srall orifices installed on the outer walls.
(gee fig. 6.) Installed at the compressor outlet were nine total-.
prsssure tubes, six iron-constantan thermocouples, two statlc-
pressure probes, and five static-pressure wall orifices (fig. 7).

The turbine inlet was Instrumented with five total-pressure
tubes and five static-pressure wall orifices. Three of the total-
pressure tubes were located 120° apart. One of the areas included
by a single burner transition section had two additional total-
pressure tubes Installed loo on each side of the center tube
(fig. 8). The turbine outlet, or exhaust-cone inlet, was instru-
mented with three rakes, 120' apart, each containing  three total-
pressure tubee. A static-pressure wall oriffce was Installed on
the outer wall in the plane of each rake. Three wafer static
tubes were installed at various immersions and were rotated 200
from each of the total-pressure rakes. A chromel-alumel  thermo-
couple was Installed ap~oxLmately in line with the. center of each
of the nine combustion chambers to indiuate combustion-chamber
Ignition and unbalance (fig. 9).

au&-gas tennperatures  were measured with six ohromel-alumel
thermocouples at the tail-pipe-nozzle outlet (fig. 10).

Rata were obtained at a compressor-inlet ram-pressure ratio
of 1.00, pressure altitudes from 5000 to 35,000 feet, and engine
speeds from 8000 to 13,000 r-pm.' Ambient temperatures were main-
tained at approximately NACA standard altitude condftions. The
engine power was varied to give turbine-inlet temperatures ranging
from 14000 to 2100° R.
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pressures were measured throughout the engine on water, al.&-'
zinc, and mercury manometers and were photographically recorded.
Temperatures were measured and recorded by self-balancing; potenti-
ometers. Engine and tunnel operating conditions were indicated by
gages on the engine control panel and were photographically
ZWCOrded.

The following symbols are used in this report:

area, square feet

speed of sound In air, feet per second,

compressor tip dkmeter, feet

acceleration due to gravity, feet per seoond per second

horsepower loss in high-speed reduction gear

enthalpy, Btu per pound

adiabatic enthalpy change, Btu per pound

mechanIoa1 eqtivalent of heat, foot-pounds per Btu

constants

commssor Mach nmber

angu sx-a, r~rm

nmber of compressor stages

total pressure, polmde per square foot absolute

static pressure, pounds per square foot absolute

$as constant, foot-pounds per pound OS

shaft horsepower measured at torquemeter

total temperature, OR

i.diWtied temperature, OR
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compressor tip speed, feet per second

air flow, pounds per second

fuel flow, pounds per hour

gas flow, pounds per second

thermocouple impact-recovery factor, 0.85

ratio of specific heats

ratio af compressor-inlet absolute total pressure to static
pressure of WA standard atmosphere at sea level

ratio of turbine-inlet abeolute total pressure to static
pressure of IUACA standard atmosphere at sea level

ratio of compressor-inlet absolute total temperature to
static temperature of MACA standard atmosphere at sea
level

correoted ratio of turbine-inlet absolute total temperature
to static temperature of NACA standard
level, (y5 T5)/(1.40 X 519)

atmosphere at 13ea

average compressor pressure coeffioient per stage

adiabatio compressor efficiency, percent

adiabatic turbine efffoiency, percent

Subscripts:

2 compressor inlet

3 compreesor outlet

5 ttarbtie inlet

6 turbine outlet

8 tail-pipe-nozzle outlet

0 compressor

t turbine
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METE(OD Ol? CmION

The total temperatures at the compressor inlet, the compressor
outlet, and the tafl-pipe-nozzle outlet were calculated fram the
relation

T =

As in reference 1, the total enthalpy at the turbine inlet was
assumed to be equal to the sum of the entha.lDy at the tail-pipe-
nozzle outlet and the drop in enthalpy across the turbine. The
enthalpy drop across the turbine is equivalent to the sum of the
enthalpy rise across the compressor, the shaft horse-r measured
at the torquemeter,  and the newer loss in the high-speed reduction
QW.

H5 = Q + (H3 - Hz) + 550(s$+ E&p1

The turbine-inlet total temperature was then obtained from
thermodynamic charts relating enthalpy and fuel-air ratio to
temperature.

Airflowthroughthe  compressorwas calculatedfrommeasure-
ments at the compressor inlet by use of the equation

I Y2'1 r T2-1 1
W
a,2 = p2 + li

2y2g) (2) 72 p)” _ q
(72 - 1 Kc2 p2

Turbine gas flow was assumed equal to the txan of the crr[llpTessor-
inlet air flow and the engine fuel flow
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The adiabatic compressor efficiency was obtained from

70 =

To-1Li) 1*3rc4
pz

I( )T3 -1Tz 1 X 100

where yc wae assumed equal to 1.40.

Compressor Mach number, based on the total termpersture  of the
air at the compreesor  inlet, was computed from

.
The avewe ccmpressor  pressure ooefficient per stage, whfch

is defined as the ratio of the adiabatic work per stage to the work
that would be required to accelerate the-air to a velocity equal to
the tip speed of the ccqressor, was obtained from

Adiabatic turbine effioiency was calculated from

tit =
T5 - T6 x100

where y+, was assumed equal to the average ratio of specific heats
entering andleatingthe turblns. Deoausethetemperature  drop
through the tail pipe was small and the temperature measurements
were more reliable at the tail-pipe-nozzle outlet than at the tur-
bine outlet, Tg was replaced by T8 in the turbine-efficiency
equation.
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Compressor and turbine performance.oharacteristics for the
range of conditions at which the axial-flow gas turbine-propeller
engine was operated are discussed. Inasmuch as engine perform-
ance wss obtained for a relatively  small range of oompressor-
inlet ram-pressure ratios, no effort has been made to determine
the effect of this parameter on the perf omance of the compressor
and the turbine.

Compressor

The relation between corrected a2r flow, compressor Mach
number, and corrected engine speed is shown in figure 11 for alti-
tudes from 5000 to 35,000 feet. The air flows obtained at dif-
ferent altitudes generalized reasonably well and appear to be a
function only of compressor Mach ntrmber for the range of operating
condLtions investigated.

During the operation of a compressor in a gas turbine-
propeller engine, the compressor pressure ratio varies with the
power delivered to the propeller. In order to increase the power
delivered to the propeller at a particular engine awed, an
increase in turbine--let  temperature is necessary, which in turn
Fncreases  the turbine-inlet pressure. This rise in turbine-inlet
pressure results in an increase in compressor-outlet preseure and,
consequently, compressor pressure ratio.

It can be analytically shown that,.fm conditions at which -
the turbine nozzles are choked and the corrected air flow is con-
stant, the compressor pressure ratio is proportionalto  the square
root of the corrected turbine-inlet temperature. When the pres-
sure ratio across the turbine nozzle exceeds the crftical value
(about 1.891, the mass flow through the turbine nozzles can be
expressed as

wg =.Agg
d-T5.

If the air flow through the engtie is assumed equal to the gas flow
and the correctfon factors 6 and 8 are applied to this equatfon,
the corrected air flow becomes
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wa IF
-=KlA5 P5&

8
p2JS

As a first-order approximation, the compressor-outlet total pres-
sure P3 may be assumed equal to the turbine-inlet total pres-
sure Pg. The variation In l/r3 was also assumed to be negligible.
Consequently, at a constant corrected air'flow,

T2andbecause 8 =-519

The compressor pressure ratio is plotted in figure 12 against
the square root of the corrected turbine-inlet temperature for
constant corrected air flows from 8.8 to 23.7 ponds per second,

which were obtained at altitudes frcza 5000 to 35,000 feet. The
oompressor  pressure ratio fs shown to increase linearly with the
square root of the correoted  turbine-inlet  tcgmperature  at a con-
stant corrected air flow. For the range af conditions investl-
gated, a maxbum compressor  pressure ratio of 6.15 was obtained
with a corrected air flow of 23.7 pounds per second at a corrected
turbine-inlet temperature of 2475' R.

The ccanpressor efficiency was determined by plot&m the
actual temperature-rise factor (T3/T2)-.l against the adiabatic

70-l
temperature-rise factor (~3/?2)7 - 1, as shown w figure 13.
A single ourve was faired through all the data points, inasmuch
as the data scatter did not allow separation of the effeuts of
turbine-inlet temperature and altitude on compressor efficfency
at a particular value of compressor pressure ratio. A mom plot
of the data from figures 12 and 13 in figure 14 shows the varia-
tion of compressor effioiency with corrected air flow for constant
values of corrected turbine-inlet temperatures from 1600' to
2400° R. For the range of air flows investigated, the compressor
effioiency was not greatly affected by changes In turbine-inlet
temperature. A maximum compressor efficiency of about 77 percent
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c

occurred at a corrected air flow of approximately 20 pounds per
second for corrected turbine-inlet  temperatures from 1800° to
2200° R. This peak efficiency may be somewhat low because of dirt
and oil deposits on the stator and rotor blades.

The ocmpressor-perfor e-charaoteristio curves for the range
of engine operating condItiona  investigated were obtained by aross-
plotting the data from figures 11, l2, and 14 In figure 15. The.
compressor pressure ratio inoreased with an increase in corrected
airflowat constant values of correctedturbine-inlet-temperature.
The maldmum compressor efficiencies occurred near the value of
corrected air flow corresponding to a corrected engine speed of
13,000 rpm.

The variation of compressor  pressure coefficient with corrected
turbine-inlettemperatureis showninfigure16  for constant values
of corrected air flow. The compressor pressure coefficient Increased
with the corrected turbine-inlet temperature.  A cross  plot (fig. 17)
of the data from rigure 16 shows the variation of co-essor pressure
coefficient with corrected air flow for constant values of corrected
turbine-inlet temperature. Amaximum pressure coefficient of 0.322
was obtained at a corrected afr flow of about 34 pounds per second
anda correctedturbine-Lnlettemperature  of 2OOOOR. ThemaxImum
pressure coefficient does not occur at rated engine operating
Gonditions.

Turbine pressure ratio and corrected turbine speed are plotted
as functions of corrected turbine-inlet termperature  in figure 18 for
constant values of corrected engine speed at altitudes fram 5000 to
35,000 feet. The highest turbine pressure ratio at which data were
obtained was 4.65 at a c-orreoted turbine speed of 6700 rpm and a
corrected turbine-inlet temperature of 2475O R. A cross plot of
these data (fig. 19) shows the variation of turbine masure ratio
with corrected turbine speed for corrected turbine-inlet tempera-
tures from 1600° to 24OOO R. The turbine pressure ratio increased
with an fncrease in corrected turbine speed and corrected turbine-
inlet temperature. At a correoted turbine speed of 6800 qm, an
increase in corrected turbine-inlet temperature from 16000 to
2400° R raised the turbine pressure ratio from 3.05 to 4.50,

The turbine efficiencies were obtained by a method similar to
that used in determining the compressor efficiencies. The actual
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temperature-drop factor 1 - (T8/T5) is plotted against the adia-
Yt-1

batic temperature-drop factor 1 - (R6/R5) 7t in figure 20 for
altitudes from 5000 to 35,000 feet. Link of constant turbine
efficiency superimposed on the data show that practically all the
turbine efficiencies were between 76 and62 percent. It is also
shown that the turbine efficiencies were not noticeably affected by
changes in altitude.

.

.

In order to show turbine efficiency as a function of corrected
turbine speed and to determfne the effect of turbine-inlet tempera-
ture on turbine efficiency, the actual and adiabatic temperature-
drop factors first had to be plotted against the corrected turblne-
inlet temperature for constant values of.corrected engine speed, as
0hown in figure 21. A cram plot of the.data from figures 18 and 21
in figure 22 shows the turbine efficiency as a function of cor-
rected turbine speed. Although the data.from figures 18 and 21
varied by about 1.5 percent from-the curve shown in figure 22, no
consistent variation of turbine efficiency with turbfne-inlet  tem-
perature was apparent for the range of conditions investigated.
The fafred curve in figure 22 3.ndicates.a  maximum turbine effi-
ciency of 81.5 percent at corrected turbine speeds fram 6200 to
7400 rpm. This range of corrected turbine speeds includes engine
operation at rated speed for all altitudes and turbine-met tem-
peratures investigated.

.-

b

*

The mation of turbine pressure ratio with corrected gas
flow is shown In figure 23 for alt%tudes  from 5000 to 35,000 feet.
For practfcally all the conditions investigated, the corrected gas
flow was constant, which indicates that the turbine nozzles were
choked. A corrected gas flow of about 9 pounds per second.was
obtained for turbine pressure ratios from approximately 2.0 to 4.65.

Compressor and turbine performance characteristics were
obtained as part of an investigation of an axial-flow gas turbins-
propeller engine in the Cleveland altitude wind tunnel. Data were
obtained at altitudes from 5000 to 35,00O'feet, engine speeds from
8000 to 13,000 rpm, turbine-inlet temperatures from 1400° to
2100° R, and a compressor-inlet ram-pressure ratio of 1.00. The
following results were obtained:



NACA RM No. EBB'LOC I.3

1. For the range of operating conditions jllvestigated,  a max-
imum compressor pressure ratio of 6.15 was obtained at a corrected
air flow of 23.7 pounds per second and a corrected turbine-inlet
temperature of 24750 R.

2. Peak adiabatic compressor efficiencies of about 7‘7 percent
were obtained near the value of corrected air flow corresponding
to a corrected engine speed of 13,000 rpm. This value of maximum
efficiency map be somewhat low, however, because of tirt accumula-
tion on the compressor blades.

3. A maximum compressor pasure coefficient of 0.322 was
obtained at a corrected air flow of about 14 pounds per second and
a corrected turbine-inlet temperature of 20000 R. The peak com-
pressor pressure coefffcient  did not occur at rated engfne operating
conditions.

4. A maximum adiabatic turbine efficiency of 81.5 percent was
obtained at rated engine speed for all altitudes and turbine-inlet
temperatures investigated.

Flight kropulsion Research Laboratory,
National Advisory Coxmnittee for Aeronautics,

Cleveland, Ohio.
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Figure I. - Compressor rotor of axial-flow  gas turbine-propeller engine.



, .



NACA RM No. E8FlOc 17

__

f1 . .,.-..
I ..-;,-YyA: -----

.-.--..-. i ..d_..-,-..:. tL. 3--.- .*.
_< _.
P<=TYT r-. .-

,-- ---- .. ._ ._--. - . _...
- ..--- .*.A_. ,_A.--

- :- rl ,.v- -

.I .4LTAL3:.?+:a:.

al-flow gasFigure 2. - Si xth-stage  stator ring from compressor  of ax1
turbine-propel I er engine.



.



1 , I .

839

Station
1 Wing-duct inlet (fig. 5)
2 Compressor inlet
3
4

Compreseor outlet
Corn resaor elbow

5 Tur ine inlett
6 Turbine outlet
1 Exhaust-cone outlet
8 Tail-pipe-nozzle outlet

Propellerr-r‘\I nr-ll

%Tw/
Reduction-
gear caning

Figure 3. - S Ine showing#ida view of axial-flow gas turbine-propeller eng
stations.

cDetail of turbine inlet
Station 2 345 6

I Combustion I I I I I

Exhaust
cone

Taii pipe

location of measuring

$P;P”
rake
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Figure 4. - Turbine wheel used in axial-flow gas turbine-propeller
en’g I ne.
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Ibl Rear view

Figure 5. - Turbine nozzle of axial-flow gas turbine-propel ler engine.
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aTotal-pressure  tube
l Static-pressure tube
Q Thermocouple

Figure 6. - Location of instrumentation at compressor inlet, looking
aft, station 2.
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OTotal-pressure tube
l Statba-pressure tube
a Themllooouplc

Figure 7. - Location  of instrumentation at compressor  outlet, looking
aft, station 3. .
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o Total-pressure Wbe
I 0 Statio-pressure tube

27

Figure 8. - Location of instrumentation at turb
stat ion 5.

ine inlet, look Ing aft,
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0 Total-pressure tube
l Statio wall orlfioe
0 Wafer statlo tube
eThermoooupl0

A- l

Figure 9. - Location of instrumentation-tit turbine outlet, looking  aft,
statton 6*
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Distance from
upper tall-
pWi,";ll

.
- Tall pipe

y," .2.28 1.84

3.25 3.00

3.84
4.19
4.53

- - -- 5.59

6.31
Center line

-- 7moo -7

12.62
-2f

.
4 - l

113.75, 2 Tail pipe

c 4" --q- -=p

Figure IO. - Detail sketch of tail-pipe-outlet rake, station 8.
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